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IMPIITGEMEtiTOFWA!I!ERDROPLETSONNACA65AO04AIRFOILAl8°ANGIEOFATTACK

ByRinaldoJ.Brun,HelenM.GalJ.agher,and.DorotheaE.Vogt

ThetrajectoriesofdropletsintheairflowingpastanNACA65AO04
airfoilatanangleofattackof8°weredetermined.Theamountof
waterindropletformimpingingontheairfoil,thearea@ dropletim-
pingement,andtherateofdropletimpingementperunitareaontheair-
foilsurfacewerecalcuktedfromthetrajectoriesandpresentedtocover
a largerangeofflightsndatmosphericconditions.Theseimptigement
characteristicsarecomparedbrieflywiththosepreviouslyreportedfor
thesameairfoilatanangleofattackof4°.

Thedatapresented.

INTRODUCTION

hereinarea conttiuationofthestudyreported
inreference1 ontheimpingementofclouddropletsona low-drag,thin
airfoil.Theairfoilstudiedinboththereferencecitedandinthis
reportisa 4-percent-thicksymmetricalNACA65AO04airfoil.h refer-
ence1 theimpingementcharacteristicsoftheairfoilwerereportedwith
theairfoilsetatanangleofattackof4°;whereas,thedataherein
applyforanangleofattackof8°. Thedatacalculatedfor8°angleof
attack,alongwiththosedatafor4°presentedinreference1,permitthe
evaluationoftheimpingementcharacteristicsforcircling,landing,and
sometypesofflightplansforpursuitorfighteraircraft.

ThetrajectoriesofatmosphericwaterdropletsaboutanNACA65AO04
airfoilat8°angleofattackatsubsonicvelocitieswerecalculated
withtheaidofa differential.analyzerattheIUCALewisl&boratory.
Fromtheco~utedtrajectories,therate,dis~ribution,andsurfaceex-
tentofimpingingwaterwereobtainedandsunmwrizedinthisreport.

SYM80LS

Thefollowingsynibolsareusedinthisreport:

d dropletdiameter,microns(micron= 3.28)U0-6ft)
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K

L

ReO

s

u

u

w

Wm

‘P
w

x,y

9

P

Pa

inertiaparameter,1.704x10-12d%— dimensionless@)

IWCATN33.55

(thedensityof
water,1.94slugs/cuft,isincludedintheconstant)

airfoflchordlength,ft

free-streamReynoldsnumberwithrespecttotkmplet,4.813X10-6
dpau
—, dimensionless
v

distanceonsurfaceofairfoilmeasuredfromleading-edgechord
point,ratiotochordlength

flightspeed,mph

localah velocity,ratiotofree-streamvelocity

rateofwaterimpingementperunitspanofairfoil,lb/(hr)(ft span)

ra~~to;&Alwaterimpingementperunitspanofairfoil,lb/(hr) “

localrateofwaterimpingement,lb/(hr)~sqft) ,,

liquid-watercontentincloud,g/cum

rectangularcoordinates,ratiotochordlength

dyo
localimpbgementefficiency,~~

viscosityofair,slugs/(ft)(see)

densityofair,slugs/cuf%

Sribscripts:

z lowerairfoilsurface

s ahfoilsurface

u upperairfoilsurface

o freestream

dimensionless
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RESULTSMD DISCUSSION

Inordertoobtaintheextentofimp~ementandtherateofdroplet
impingementperunitareaontheairfoil,theclouddroplettrajectories
withrespecttotheairfoilweredetermined.Themethodforcalculating
thedroplettrajectoriesisdescribedh reference2. A solutionofthe
differentialequationsthatdescribethedropletmotionwasobtainedwith
theuseofthemechanicalanalog(describedinref.3)basedontheprin-
cipleofa differentialanalyzer.Theair-flowfieldaroundtheairfoil
wasobtainedbythevortexmibstitutionmethoddescribedinreference2,
exceptthat,fortheNACA65AO04a3rfoil,thevelocitiesatthesurface
oftheairfoilwerecalculatedlythemethoddescribedinreference4,
whereasthesurfacevelocitiesonthe651-212and651-208airfoilsdis-
cussedinreference2 wereobtainedfromwind-tunnelmeasurementsofthe
pressurecoefficients.Thevaluesofthesurfacevelocitiesforthe
65AO04airfoilwerecalculatedlytheDouglasAircraftCorporationfor
theLewislaboratory(seefig.1). Althoughthedroplettrajectories
werecalculatedforanincompressibleflowfield,theresultsofthe
calculationscanbeapplieduptotheflightcriticalMachntier(ref.5).

Thegeometricchordlineoftheairfoilisorientedatanangleof
8°withthex-axisoftherectangularcoordinatesystem,andtheleading
edgeisplacedattheoriginofthecoordtiates,asshowninfigure2.
Theairfoilorientationpresentedinreferences1 and2 isretainedhere-
in,exceptforthemagnitudeoftheangleofattack.Ataninfinite
distanceaheadoftheairfoil,theunflormairflowcarryingtheclcud
dropletsisassumedtobeapproachingtheairfoilfromthenegativex-
directionandparalleltothex-axis.AU distsncesaredimensionless,
becausetheyareratiosoftherespectiveactualdistancetotheairfoil
chordlengthL.

RateofWaterlhterception

Therateoftotalwaterinterception,inpoundsperhourperfootof
wingspan,isdeterminedbythetangentdroplettrajectories(fig.2),
bythespeedoftheaircraft,andbytheliquid-watercontentinthe
cloud. Theflightspeedsndsizeoftheairfoil,aswellasthedroplet
sizeinthecloud,aretheprincipalvariablesthataffectthespacing
betweenthetwotangenttrajectories.Theamountofwaterthatstr~es
theairfoilisproportionaltothespacingYO,U-Y0,3,andtherateof

totalwaterinterceptionperunitspanoftheairfoil-onthatportionof
theairfoilsurfaceboundedbytheupperandlowertangenttrajectories
canbecalculatedfromtherelation

Wm= 0*33JWL(Y0,U- Yo,l) (1)

- .. -—.— ._ — - . —— —— . .— . .——.— . -_
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The valuesof yOu - yO~ aregivenin
> J

rocaloftheinertiaparameterl/K and
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figure3 intermsoftherecip-

thefree-streamReynoldsnumber
ReO. TheinertiaparameterK iia measureofthedroplet-size,the
flightspeedandsizeoftheahfoil,andtheviscosityoftheair
throughtherelation

K .1.704x10-U# (2)
s$

Thedensityofwaterandtheaccelerationofgravity,whicharee~ressed
aspartoftheconversionfactor,are62.4poundspercubicfootand
32.17feetpersecondpersecond,respectively.Thefree-streamReynolds
nwikrisdefinedwithrespecttothedropletas

d&U..+.
Reo= 4 .813X10-6 — .

IJ’,
(3)

A graphicalprocedurefordetermidngvaluesofthedimensionlessparam-
etersK and Reo intermsofairplanespeed,chordlength,altitude, o
anddropletsizeispresentedh appendixB ofre”ference2..

Thevariationofrateofwaterinterceptionwithairfoilspeedis
suumm,rizedforanaltitudeof20,000feetinfigure4,inwhichtheordi-
natel?~v isthetotalrateofwaterimpingementperfootspanofair-
foilperunitliquid-watercontent(gfcum)inthecloud.Severalchord
lengthsranginginvaluefrom2 feetto20feetareconsidered.Theval-
uesinfigure4 areforflightthroughcloudscomposedofuniformdrop-
lets15,20,30,and40micronsindiameter.Thevaluesof W~w given
in figure4 are based onthemostprobableicingte~eratureasa fuuc-
ttonofaltitudepresentedinfigure1.5ofreference2. (Themostprob-
ableicingtemperaturewasobtainedfromapproximately300icingobser-
vationsinflights.) Asshowninreference2,a changeinaltitudeof
10,000feetwillchangetherateofwaterimpingementbyapproximately7
percent.Thedropletsizeandtheliquid-watercontentofcloudsare
seldomknownwithsufficientaccuracy(ref.3)topermittherateof
waterimpingementtobe calculatedwithin10percent;therefore,within
practicallimitsofapplication,theresultsoffigure4 canbeusedover
a widerangeofaltitudes(approx.fi0,000ft,seeref.2).

The<feetofwingtapercanalsobe obtainedfromfigure4,provid-
edthatforeachsectionofspanconsideredthetaperissmallenough
thattwo-dimensionalflowoverthesectionisapproximated,asismen-
tionedh reference2.

.
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ExtentofImptigement

Thelimit ofimpingementis determined bythepointoftangencyon
theairfoilsurfaceofthetwotangenttrajectories.Therearwardlimits
ofimpingementontheuppersurfaceareshowninfigure5(a),andonthe
lowersurfaceinfigure5(b).Thedistances~ and S2 aremeasured
ontheairfoilsurfacefromthepointofintersectionofthegeometric
chordlinewiththeleadtigedge(fig.2)intermsofthechordlength.
Thelimitsofimptigementaregiveninfigure5 h termsoftherecipro-
caloftheinertiaparameterandfree-streamReynoldsnuniber.

Atanangleofattackof8°theextentofimpingementontheupper
surfaceisalwayslessthan2percentofchord(~ = O.02),whichisthe
largestvaluepossiblefortheextremeconditionswherel/K= O. The
value of Su for l/K= O wasobtainedfromsimplegeometricrelations.
Theremainingvaluesof Su presentedinfigure5(a)wereobtainedfrcm
calculatedtrajectories.Thesecalculatedvaluesmaybequitehaccu-
rate,becauseofthesharp-edgedshapeoftheairfoilattheleadhgedge.
Theaccuracyofdeterminationof ~ isunimportantinanapplication
toairfoilicingcalculations,becauseallvaluesof ~ mustbeless
than0.02.The estimatedaccuracyforthevaluesgiveninfigure5(a)
ist20percent.

Ne=lyallthe
surfacebetweenthe
infigureS(b).AE
foilat4°~gle of

water iqdngingontheairfoilimptigesonthelower
leading-edgechordpointandthelowerlimitgiven
wasdiscussedinreference1 fortheNACA65AO04air-
attack,thetangenttrajectoriesapproachtk lower

surfaceofthisairfoilverygradually.Thisverygradualapproachof
thelower-surfacetangenttrajectoriesleadstouncertaintiesastothe
locationofthetangentpoint,andthevaluesof s~ arethereforesub-
jecttoindividualinterpretation.Theuncertaintiesinthelocationof
thetangentpointcanrangefrom24-percentchordat l/KZ1 tot7
percentat l/K= 3 andbacktoZ4percentat l/K=100.Fortheex-
tremecaseof l/K= O,theimpingementextendstothetrailingedgeof
theatrfoilsection.Thelower-surfacelimitsaresunmsrizedinfigure
6 forthesamespeeds,chordlengths,dropletsizes,ad altitudegiven
infigure4.

~xement DistributiononSurface

Trajectorystartingordinateasfunctionofpointofimpact.- The
mannerinwhichwaterisdistributedonthesurfaceofenairfoilcanbe
obtainedifthestartingpointofa droplettrajectoryisknownwith
respecttothepointofimpingementonthesurface.Thestarting

..-. .—-.-. —.. —- —. _____ .— - .. --
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ordinatey
o

atinftiityofanyimpingingtrajectmy,includingtrajec-

torieshoundedbytheupperandlowertangenttra~ectories(fig.1),can
befoundinfigure7withrespecttothepetitof~ingementonthesur-
face.Thevaluesforthestartingandendingpositionsofthetrajec-
toriesareshowninfigure7 forfourvaluesoffree-streamReynoldsnum-
ber. Foreachvalueof Reo,curvesforseveralvaluesof l/K are
given.

Theamount
atcfoilsurface
relation

Thevalues
curveinfigure
valueof yo,l

.

ofwaterimpingingbetweenanytwugivenpointsonthe
maybefound.byapplyingtheresultsoffigure7 inthe

‘f Yo,u- Y0,2obtainedfromtheendpointsofeach
7 arethesameasthevaluesgiventnfigure3. The
for l/K= O (notshownh fig.7)is-0.139at

(4)

Sz = 1.00229- [atrfoiltrailingedge)forallvaluesof Reo.
●

Localrateofdropletimpingement.- Thelocalrate05dropletim-
pingementperunitareaofahfoil.surfacecanbedeterminedfromthe <
expression

(5)

whichisrelatedtoequation(4),withproperconsiderationforthefact
thaty. and S arebasedonthewingchordL. Thevaluesofthe
localimpingementefficiency~ asa functionoftheairfoildistance
S aregiveninfigure8. Thesev@ueswereobtainedfromtheslopesof
thecurvesinfigure7.

Asisdiscussedb r~erence1,thevaluesof j3(fig.8)arevery
sensitivetotheshapeofthe y. againstS curves(fig.7). Because
of thegeometryofthesharp-nosedIOICA65AO04airfoilandthememnerin
whichthetrajectoriesapproachtheairfoilsurface,smallerrorsinthe
calcuktedtrajectoriesresultinconsiderableerrorintheslopesof
thecurvesoffigure7. Thepossibleerrorinthevaluesof ~,dueto
thecomputationalprocedure,forsurfacepositionsotherthannearthe
stagu&tionpoint,isestimatedh reference1 tobe somewhatlessthan
&10percentforthevaluesreportedtherein.Becauseofimprovedtech- “
niquesinthecomputationalprocedure,thevaluesof B giveninfigure
8 hereinareh errorby somewhatlessthan12percentforsurfaceposi-
tionsotherthanwithin1 percentofthesurfacedistancewherethepeak “

-—. -- .— —.
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valuesof ~ occur.Sincethetotalwaterimpingingisdirectlyrelat-
edto

J’SuYo,u- Yo,l= j3as
-s2

a checkonthecomputationalaccuracyofthevalues
wasalsoobtainedbycomparingtheareaundereach

(6)

of ~ infigure8
Elcurvewiththe

Vd.UeS Of Y. u - y. ~ giva-ti figure3. Thearea”valuescheckedwith-
in~1.5perc& ofI&ecorrespondingvaluesfortotalwaterinterception.

Theaccuracyinthemaximumvalueof ~ isalsoimprovedinthis
reportascomparedwiththatreportedinreference1. Thepossibleerror
wasestimatedtobe~25percentforthemaximumvaluesof j3reported
inthereferencecited;whereas,thepossibleerrorh themaximumval-
uesof ~ giveninfigure8 isestimatedtobelessthan~12percent.
Aswasdiscussedinreference2,thispossibleerrorisnotconsidered
veryserious,becauseonly
ontheairfoilisinvolved

ComparisonofIinptigement

a smallpo~ionofthetotalwaterimpinging
h theerror.

at8°withImpingementat4°AngleofAttack

Rateoftotalwaterinterception.-Forallvaluesofthereciprocal
ofinertiaparameterandfree-streamReynoldsnumber,therateoftotal
wter interceptionisgreateratanangleofattackof8°thanatan
angleofattackof4°. Thiscomparisoncanbemadebetweenfigure3 of
thisreportandfigure3 ofreference1. Thecomparisonis summarizedin
thefollowingtableforconditionsestablishedat-300milesperhour,a
chordlengthof9.4feet,andanaltitudeof10,000feet:

ReciprocalDroplet Free-stream
of.inertiadiameter,Reynolds
parameter, d, nuuiber,

l/K microns Reo

1 80 594

10 25 Islo

100 8 59

+

You-Yog Ratioofrateof
Angleofattack$t~:~~~a~t40

80 40

0.099 0.053 1.87

.043 .021 2.05

.017 .005 3.40

Thevalueoffree-streamReynoldsnunibertabulatedisthevalueobtained
fromequation(3)forthephysicalconditionsestablishedforthis
comparison..7

.— — .—- —-—— ..— —.- .
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Extentof~ingement.- Althoughtheltiitofimpingementonthe
uppersurfaceisfartherresz’wardforanangleofattackof4°thanfor
8°,thetotalextentisverysmallinbothcases.At4°angleofattack
Su isalwayslessthan0.02forvaluesof l/K>l. At8°angleof
attack~ isalwayslessthan0.01forvaluesof l/K>l.

Theimpingementonthelowersurfaceextendslacktothetrailing
edgeatbothanglesofattackfor l/K= O. Thelower-surfacelimitis
summwizedh thefollowingtableforthesameflightandatmospheric
conditionsgivenintheprecedingsectiononrateoftotalwaterinter- 3m
ception:

Reciprocal
ofinertia
parameter,
- l/K

1

10

100

Droplet
diameter,

d,
microns

80

25

8

Free-streamLimitof@@ement
Reynolds onlowersurface,S3
nmiber,

lle~ Angleofattack
80 40

594 0.74 0.53

Localrateofdropletimpingement.- Ata givenpointonthelower
surface,thelocalrateofdropletimpingementB isgreateratanangle
ofattackof8°thenat4°. Forboth8°and4°,themaximumrateof
localimpingementoccursbetweenO and S = 0.01onthelowersurface.
Thepeakvaluesof 13arehigherat8°thanat4°. At8°an e of1?attackthepeakvaluesme between0.8and1.O;whereas,at4 thepeak
valuesarereportedaslowas0.3andnonehigherthan0.56.Theselarge
differencescannotallbeaccountedforbythepossibleesthatederror
indeterminingthepeakvalues.

CONCLUDINGREMARKS

Thedatapresentedheretiapplydtiectlytoflights& cloudscom-
posedofdropletsthatarealluniforminsizeandtononsweptwingsof
highaspectratio.A detailedprocedureforweightingtheimpingement
ofdrupletsforflightsinnonuniformcloudsispresentedh reference3.
A methodforextendingthe~ingementcalculationsfornonsweptwings
tosweptwingsispresentedinreference6. As isdiscussedinrefer-
ence5,theimpingementresultsshouldbeapplicableformostengineertig
usesthroughoutthesubsonicregion,becausethesubsoniccompressibilityf~
ofairdoesnotaffectthedroplettrajectoriesa~ecisbly.

LewisFlightPropulsionLaboratory
*

NationalAdvisoryCommitteeforAeronautics
Cleveland,Ohio,May20,l!354
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(b) Free-stream Reynolds number, 64.

Figure 8. - Continuad. Local impingement efflolenc$ of NACA 65AO04 airfoil. Angle of attaok, 8°.
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(c) Free-stream Reynolds number, 256.

Figure S. - Continued. hod Impingement effioienoy of NACA 65AO04 airfoil. Angle of attaok, 8°.
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